The composition of crystalline inclusions and dense bands in cells of broad bean leaves infected with bean yellow mosaic virus was studied by differential enzymatic digestion. Frozen thick sections were prefixed in glutaraldehyde and exposed to proteinases and nucleases, after which ultrathin sections were prepared for electron microscopy. Examination revealed that the crystals were completely digested by pepsin in 30 min, whereas the dense bands remained intact for the first 20 min, and could not be found after longer periods of digestion. When ultrathin sections of tissues embedded in glycol methacrylate were incubated with the enzymes, pepsin digested the crystals; this left only a filamentous residue which did not disappear after further exposure to pepsin or to RNase. Trypsin had the same effect, but was slower and less consistent. The dense bands were entirely digested in thin sections by pepsin and trypsin. Neither inclusion was affected by RNase or DNase in thick or thin sections. These results demonstrate that the crystals and dense bands are composed entirely or primarily of protein, but there is no evidence that they contain nucleic acid.
INTRODUCTION
Bean yellow mosaic virus (BYMV) in leaf cells of both broad and common beans (Vicia faba L. and Phaseolus vulgaris L.) produces crystalline inclusions which have been readily detected with the light microscope (16, 18) . When the virus-infected cells were studied with the electron microscope, the crystals were found abundantly in the cytoplasm, nucleus, and nucleolus, where they appeared as electron-opaque striated bodies with a border of electron-opaque ribosome-like particles (22) . These striations consisted of electron-transparent bands 7 mg wide alternating with opaque bands 1-3 ml wide.
Two other types of inclusions were found (22) : electron-opaque dense bands composed of compactly arranged, elongated units 13-15 my wide;
and, rarely, small aggregates of loosely arranged, elongated flexuous particles, which, from their dimensions, appeared to be the BYMV particles. The relationship of the crystals and dense bands to the virus particles was obscure because of the dimensions of the individual units composing the inclusions and because of their extreme electron opacity.
Attempts to isolate the inclusions by a variety of fractionation methods have consistently failed. In order to characterize them, it became necessary to utilize cytological methods, among which incubation of tissue sections with a variety of enzymes has yielded information on their chemical composition.
MATERIALS AND METHODS

Enzyme Digestion with Thick Sections
Broad bean plants were sampled 10-14 days after sap inoculation with BYMV. Pieces about 3-5 mm 2 were cut from the systemically infected leaves and fixed in 5% glutaraldehyde (20) in phosphate buffer, pH 7.2, at room temperature for 1½li hr, sometimes followed by an additional period of fixation at 4°C for 2 hr. Cryostat sections, about 60 and 120 A, were cut from these leaf pieces and immediately immersed in the enzyme or control solutions listed below. Incubation was carried out at 37C for various lengths of time which are reported with the results.
After incubation, the thick sections were prepared for electron microscopy by being rinsed twice with distilled water or with phosphate buffer, pH 7.2, and then postfixed for 1 hr in 1% Palade's Os04 solution, pH 7.2. They were then rinsed three or four times in distilled water and dehydrated in graded dilutions of ethanol up to 100%. After treatment with propylene oxide, they were embedded in Epon 812 (15) , and thin sections were cut with glass knives and stained with uranyl acetate and lead citrate.
Enzyme Digestion with Thin Sections
The use of water-soluble embedding media for electron microscopy (19, 21) has recently been adapted to the study of ultrastructural cytochemistry of animal tissues. Glycol methacrylate (GMA) was found to be the most advantageous embedding medium for direct incubation of tissues with enzymes (11, 12, 14) , as compared to Durcupan (2, 8, 9, 10) and hydroxypropyl methacrylate (13) . Our preliminary experiments showed that the result of incubation of plant tissues with enzymes did not coincide entirely with the results reported for animal tissues, and so we carried out many further experiments to determine the effects of varying the fixatives, fixation time, and staining time. Since it was found that fixation for 30 min in a mixture of 5% acrolein and 5% formalin or paraformaldehyde, in 0.1 M phosphate buffer, gave the best preservation of ultrastructure, combined with the most effective enzyme hydrolysis, only experiments in which this fixing solution was used are reported here. The only exceptions were the experiments with DNase in which fixation in 5% formalin alone was used.
Fixation was followed by rinsing in buffer, for 1-15 hr, the longer period being used in the experiments with DNase digestion (12) . Dehydration in GMA itself, and embedding and polymerization in GMA were carried out as described by Leduc and Bernhard (12) . The thin sections were cut with a glass knife, and mounted on copper grids. They were placed section-side down on the surface of the enzyme or control solution, and incubated at 37 0 C for the appropriate time, after which they were rinsed with distilled water. Staining with uranyl acetate was considerably more difficult with GMA than with Epon, so that 1 hr at 60°C and 5 min in lead citrate were needed to produce adequate contrast. All electron micrographs were made with a Philips EM 100, or a Philips EM 200.
Enzyme Solutions
The following enzyme solutions were used: (a) Pepsin, crystallized three times (Nutritional Biochemicals Corporation, Cleveland, 0.), 0.25% in 0. In every experiment, additional sections were also incubated in the appropriate solvents. Whenever incubation was carried out in two enzymes consecutively, controls were included for each of the enzymes and their solvents separately.
RESULTS
As a reference, Fig. 1 shows the appearance of the crystals and the dense bands, including the occasional looping of these bands (arrow, Fig. 1 ), when the leaf tissues have been fixed in acrolein and embedded in Epon 812. The ribosome-like particles surrounding the crystals are clearly seen because of their great electron opacity. In addition, particles which appear to be BYMV, individually and in aggregates, are seen here in far greater numbers than previously reported (22) . This may be due to the use of acrolein as the fixative (20) 
Enzyme Hydrolysis with Thick Sections
The freezing and thawing procedures involved in cryostat sectioning did not result in severe distortions of the cellular fine structure. The cytoplasmic contents became somewhat coarse and consequently did not appear so sharp and clear as the standard. It was considerably difficult to see the mitochondrial cristae clearly, but cell membranes, and nuclear, chloroplast, and mitochondrial membranes remained relatively intact, as did the virus crystals and the dense bands.
The effect of pepsin was evident after 5-10 min of incubation during which the crystals lost some electron opacity. After 10-20 min the crystals began to be digested with great regularity, proceeding from the outer edge inward as the incubation time increased, and leaving an electrontransparent space around each crystal. This digestion occurred in the crystals of the cytoplasm, the nucleus, and the nucleolus (Figs. 2 and 3) . The hydrolyzing edge of the crystal was not smooth, but appeared as a network of fine strands (Fig. 4) . During this time the cytoplasm became coarse and fibrous, with many vacuoles of irregular shapes and sizes. The chromatin in the nuclei also became coarse, with many holes, and much of the interchromatin material disappeared. Nucleoli were now less electron opaque than the chromatin, although the latter had also lost some opacity.
After 20-30 min in pepsin, most of the crystals were almost entirely dissolved, except for a small amount of fibrous material left in the crystal site (Figs. 5 and 6). After 1 hr of incubation, nearly all the crystals had disappeared entirely, leaving only empty spaces (Fig. 7) . Incubation for longer than 20-30 min disrupted the cytoplasm to such an extent that it was difficult to locate with certainty the sites previously occupied by the cytoplasmic crystals. It was much easier to find the spaces left by the nuclear and nucleolar crystals, since the nuclei remained recognizably intact.
The dense bands were apparently unaffected for the first 10-20 min of pepsin incubation. Thereafter, no trace of any dense bands was found in the disrupted cytoplasm. We do not know whether the dense bands suddenly disintegrated after 20 min or simply fell out or were washed away from the vacuolated and disrupted cytoplasm. Attempts to produce a more gradual digestion of the cytoplasm by decreasing the concentration of pepsin and increasing the incubation time did not yield additional information on the fate of the dense bands in the thick sections.
Incubation in papain for as long as 24 hr had very little effect on the crystals and none on the dense bands. Occasionally crystals were found that seemed to show signs of irregular digestion, but the degree of digestion was not correlated with the duration of incubation.
RNase did not appear to affect either the crystals or the dense bands. There was nearly always total disappearance of the ribosome-like particles that characteristically lined the perimeter of the crystal ( Fig. 8; compare with Fig. ) . When a crystal was situated inside a nucleolus, the electron opacity of the crystal did not change, whereas the opacity of the nucleolus itself was usually diminished.
DNase had no effect on the virus inclusions, even after 24 hr of incubation. However, the enzyme gave evidence of activity in diminishing the electron opacity of the chromatin, which came to look like a fine network. Frequently the appearance of an electron-transparent circle in the nucleoli indicated that some material had been digested.
Enzyme Digestion with Thin Sections
Pepsin began to digest the crystals after 15-30 min of incubation, when they became less electron opaque, and coarsely striated or perforated (Fig.  9) . As anticipated, the hydrolysis proceeded not from the outer edge of the crystal, as in the thick sections, but across the exposed face of the crystal surface. After 45 min the crystals were substantially digested away (Fig. 10) , leaving only a granular network, in some cases still striated. Most of the crystal sites were still outlined by a series of somewhat electron-opaque granules, presumably the remnants of the ribosome-like particles (Fig. 10) . Finally, after 1 hr of incubation, only a faint network of fine strands and a few larger particles were left. An additional hour of incubation in pepsin, or subsequent incubation in RNase (Fig.  I 11) or DNase for as long as 2 hr, did not diminish this filamentous residue.
The dense bands were also hydrolyzed by pepsin, in the thin GMA sections. After 30 min they were no longer electron opaque but appeared as long elements, loosely twisted, with one or two electron-transparent cores running the length of the bands (Fig. 12) . The digestion continued until after 1 hr only electron-transparent bands remained in the cytoplasm (Fig. 13) . It was not possible to determine whether there was an undigested residue in these empty spaces or the bubbly appearance was caused by some dissolution and retraction of the GMA.
The pepsin hydrolysis of the dense bands seemed to lag behind that of the crystals, usually by 15-30 min. Since evidence has been presented (3, 4) that dense bands associated with a number of elongated virus particles are actually long cylinders or plates, the possibility existed that they might contain lipid materials which could interfere somewhat with pepsin hydrolysis. Thin sections were therefore exposed for 1-5 min to xylene, and toluene, prior to incubation with pepsin, for removal of such lipids, but the rate of digestion of the dense bands by pepsin was not accelerated.
Trypsin also digested the crystals and the dense bands, but more slowly and unevenly. Even after 1 hr of incubation, the crystals were only beginning to break up into granular masses (Fig. 14) rather than striated ones as with pepsin. They were not digested completely even after 4 hr, when a considerable granular residue still remained. The dense bands reacted even more inconsistently, so that after 1 M-2 hr of incubation most of the bands showed only an unwinding effect which resulted in a series of electron-opaque lines running alongside the main elements of the band. After 2 hr, some of the bands were only thinned out in appearance, but others were completely digested, leaving the same electron-transparent images in the cytoplasm as were seen after 1 hr of pepsin digestion.
The individual BYMV particles were not digested after short incubation periods with either pepsin or trypsin. After 20-30 min, it was difficult to find them, probably because of the general disruption of the already badly preserved cytoplasm in GMA.
Incubation for as long as 2 hr with papain in EDTA-KCN buffer had no effect on the crystals or the dense bands, although the effects on the rest of the cell were quite severe (Fig. 15) . Much of the cytoplasm was digested entirely, leaving large vacuoles, some of them very regular and angular in shape, while the nucleus became very coarse and perforated. Hydrolysis of the sections for 5 min with 0.1 N HCI prior to incubation with papain for 2 hr did not result in any digestion.
Incubation with RNase up to 24 hr had no effect on the crystals or dense bands. Thus, the only indication that the RNase was active was the diminution of electron opacity in the nucleolus and, to some extent, the reduced opacity of the ribosome-like particles around the crystals. Unfortunately, RNase treatment of sections in GMA had the peculiar effect of greatly increasing the electron opacity of both the crystals and the dense bands, so that it was difficult to see the ribosomelike particles clearly.
There was a possibility that the RNase was actually hydrolyzing the RNA components of the inclusions, but that the resulting nucleotides or polynucleotides were simply combining with the uranium or lead stain. As a test for this possibility, sections incubated in RNase for 1 hr were rinsed in 0.55 N HCl for 1-5 min. The only result was that the nucleoli were consistently lighter in the sections treated with both HCI and RNase than in those treated with RNase alone, or with HCI alone. No digested areas could be found in either the crystals or the dense bands. The RNase did not appear to hydrolyze the individual BYMV particles entirely, even after 4 hr of incubation, FIGURE 14 Virus-induced crystals in thin GMA sections, beginning to show signs of digestion after 1 hr incubation with trypsin. X 25,600.
FIGURE 15 Virus-induced crystals (VC) and dense bands (DB) in thin GMA sections, after 2 hr incubation with papain. Note great disruption and vacuolation in cytoplasm, but intact inclusions. X 10,500. although some of the particles did finally appear to be less electron opaque and became granular.
Similarly, DNase did not affect the inclusions. The only evidence for DNase activity was in the chromatin which was progressively hydrolyzed until sometimes only a negative image remained in the nucleus where the chromatin had been. Additional experiments were done in which the thin sections were first treated for 1-5 min with pepsin before incubation with DNase. This method was successful in activating DNase in Durcupan sections, where DNase alone was not active (10) . However, no effects were observed beyond the lessened opacity of the crystals that was brought about by pepsin treatment alone for the same length of time.
DISCUSSION
The results of all the experiments make it amply clear that both the crystals and the dense bands resulting from infection with bean yellow mosaic virus are composed at least primarily of protein.
The different patterns of pepsin hydrolysis with thick and thin sections in GMA are readily explained by considering the tissues used for incubation. In the thick sections, the crystals were present in three substantial dimensions, and the enzyme began its hydrolytic action on the outer surfaces. This action progressed continuously as the outer layers of the crystal were digested away, so that a progressive and regular diminution of the crystal volume occurred. In the thin sections, a virtually two-dimensional surface was presented to the pepsin, so that hydrolysis occurred simultaneously across the entire cut face of the crystals.
The same considerations might explain the inability to detect a gradual hydrolysis of the dense bands in the thick sections, whereas in the thin sections they were entirely digested by pepsin and trypsin. If the dense bands in the case of BYMV infection correspond to the elongated laminated structure proposed by Edwardson (3, 4) in the case of infection with other elongated viruses, then the pepsin might have had difficulty in hydrolyzing such a complex and compact organelle in its entirety, especially since the components are arranged differently from those in the crystals. The same difficulty would not obtain in the hydrolysis of a very thin slice of the dense band.
The fact that pepsin hydrolyzed both crystals and dense bands somewhat more rapidly and evenly than did trypsin might have been expected because of the greater specificity of trypsin (1, 5) . The results suggest that the protein in the inclusions contains substantial numbers of tyrosinyl and phenylalanyl groups, the typical substrates for pepsin, and possibly aspartyl and glutamyl groups, but relatively fewer residues of the basic amino acids arginine and lysine, the preferred substrates for trypsin (1) .
The failure of papain to hydrolyze to any detectable degree either the crystals or the dense bands is puzzling in view of its broader range of specificity than the other two proteinases. It might be argued that the papain was not active in the thick section experiments because no activating material such as cyanide, cysteine, or reduced glutathione had been added to the incubating medium, although our assumption was that in a relatively thick block of tissue there should have been an ample supply of reducing substances present for activation. However, the thin sections were incubated in a medium that has been shown to hydrolyze in vitro numerous bonds (7), including those of a peptide resistant to pepsin and trypsin (6) . Furthermore, the severe effects of papain hydrolysis were very obvious in other parts of the cell, so that there was no doubt about the activity of the enzyme.
The question whether there is a nucleic acid moiety in the crystals or the dense bands cannot be answered unequivocally. It is evident that after 1 hr of incubation of the thick sections with pepsin the crystals appeared to be entirely dissolved, leaving only empty spaces in their previous sites (Fig. 7) . However, the possibility exists that, under the experimental conditions for thick sections which involve suspension of the tissues in large quantities of fluid, any residue may have been washed away from the center of the crystal site. This possibility must be kept in mind in view of the results obtained with the thin sections, in which there was consistently a pepsin-resistant residue in the crystals. Although this residue was not susceptible to digestion either by RNase or DNase, no firm conclusion can be drawn that it was not composed of nucleic acid because a reliable and consistent marker in the cell for nuclease activity was lacking. Although the nucleoli frequently became less opaque, the ribosomelike particles around the crystals disappeared after RNase treatment, and the chromatin also lost electron opacity after DNase treatment; the BYMV particles were not consistently digested by RNase, as might have been expected in view of their RNA content. This result is being investigated further, but it throws doubt on the possibility of an unequivocal demonstration of nuclease activity under the conditions of these experiments. Consequently, and for the time being, we can only conclude that the crystalline inclusions and the dense bands are composed substantially, or perhaps entirely, of protein and that there is no evidence that they contain a nucleic acid moiety.
These findings make the correlation of the inclusions with virus particles very difficult. We have already pointed out (22) the problems in reconciling both the dimensions of the component units and the extreme electron opacity of the two inclusions with those of the individual BYMV particles. The fact that there is no evidence that the inclusions contain nucleic acid makes it even less probable that they are composed of a crystalline or lamellar configuration of BYMV particles. We do not know whether the inclusions represent a precursor pool of protein for subsequent assembly of virus or an excess of protein, but not necessarily virus protein, formed during the period of active virus synthesis, since they are formed so rapidly that it has not been possible to follow the sequence of their development (22) .
Whatever this protein is, there are now additional questions as to why viruses of about 750 m/g in length have so far been found to be the only ones to cause the development of protein configurations of the dense band type (4) , and what determines in BYMV-infected cells whether this protein will form a crystalline type or a band type of inclusion. It is obvious that further information is needed about the possible differences in the nature of the proteins composing the two types of inclusions, since this factor could well be important in determining the specific configuration that the virus-associated protein(s) will take.
